A simple model for predicting the date of fall turnover in thermally stratified lakes Abstract-The date of fall turnover can be predicted from average midsummer hypolimnetic temperature in acidic and non-acidic lakes in central Ontario. The prediction of fall turnover date is improved by inclusion of two further independent variables, mean depth (2) and adjusted latitude (for altitude), in a global data set (ranges of 2, 1.1-86 m; adjusted latitude, 38L65"). The models explain 67-80% of the variance of fall turnover date and are potentially useful in the design of monitoring programs and for predicting impacts of anthropogenic activities that influence lake thermal budgets, e.g. diversion for cooling waters or damming of cold inflows.
Fall turnover is an important event in diand monomictic lakes. The onset of isothermal conditions after summer stratification usually leads to an even distribution of chemical and biological constituents throughout the water column, so that surface waters become enriched in nutrients and trace elements from the hypolimnion (e.g. Niirnberg 1984a (e.g. Niirnberg , 1985 . If the date of fall turnover is early, productivity may be enhanced by the nutrient increase, but if turnover is late and light and temperature conditions are too low for algal growth, the entrained nutrients are eventually lost through the outflow. Because of the lack of stratification, representative sampling during this period is simple (no profile required) and facilitates the design of synoptic lake surveys (e.g. U.S. EPA 1986).
Fall turnover may be predicted from detailed mechanistic models that are based on eddy diffusion or mixed layer theory and simulate stratification cycles in single lakes (e.g. Henderson-Sellers 1983-1 984), but there is no model that predicts fall turnover dates from easily obtainable characteristics of a wide range of lakes. In attempts to create such a model, the influence of several variables on the date of fall turnover has been investigated: geographical location (latitude) and altitude of the lake, both of which influence mixing states of lakes (Lewis 1983) ; morphometric characteristics, e.g. mean depth (which is correlated with the rate of hypolimnetic entrainment into the epilimnion: Blanton 1973) , maximum depth, the ratio of mean to maximum depth (as a measure of the shape of the lake basin), the possibility of meromixis (calculated from maximum depth and lake area: Berger 197 I), and major effective fetch (distances exposed to the two major wind directions); conductivity (to detect any differences between softand hard-water lakes); average epilimnetic Early observations suggested that lakes with very low hypolimnetic temperature turned over later than lakes with higher hypolimnetic temperature, even if the latter lakes were in more southern and warmer climates (Nurnberg 19848) . It takes longer for the epilimnion to reach the lower hypolimnetic temperature in lakes that destratify late. Low hypolimnetic temperature is often found in northern lakes after spring turnover; the temperature remains low, especially in deep lakes or lakes with low transparency (e.g. lakes rich in humic acids or chlorophyll) wherein solar radiation fails to penetrate to the hypolimnion. On the other hand, shallow lakes or lakes with high transparency such as occurs in severely acidified lakes (Yan 1983) can have comparably high hypolimnetic temperature in summer.
This paper introduces a model for predicting fall turnover date from the variables described here. First, geographically and morphometrically similar lakes of southern Ontario were investigated. Then the model was expanded to lakes from North America and Europe for generalization and was also tested on acidic lakes. The latter test should determine if the relationship applies to lakes with unusually elevated hypolimnetic temperatures because of high transparency. In an attempt to explain residual variation, I examined annual and meteorological variations in the southern Ontario data set.
Data stem from lakes of a single region in southern Ontario, from lakes across North America and Europe (from the literature), and from acid lakes located near Sudbury, Ontario. Data tables are available on request.
Average July and August temperatures 1-3 m above the bottom served as the predictor variable "hypolimnetic temperature" and the date of complete fall turnover as the dependent variable-"fall turnover date." Weekly to monthly data from at least one season of lakes or distinct lake basins were used (Table 1 ). Lake averages of 1-10 yr were calculated for the Ontario lakes to evaluate the effect of more constant lake characteristics, e.g. lake area, fetch, and conductivity on the prediction of fall turnover.
Latitude and altitude were converted into a joined term, adusted latitude (lat,,): lat,, = lat, + a,/100 x alt (1) where lat, represents latitude (in decimal degrees) and a, is the factor which converts 100 m of altitude (alt, m) into degrees of latitude at a given latitude x (interpolated from Lewis 1983) .
The possibility of meromixis (p,,) was calculated for the southern Ontario lakes from maximum depth (z,,,, m) and lake surface area (A, m2; when p, > 1, lake is possibly meromictic: Berger 197 1):
Effective fetch (m) was determined from the weighted sum ofthe length of open water in the main wind direction (wind coming from 300": NW) and in the next most frequent wind direction (from 130": SE) for the southern Ontario lakes. (Directions were determined from daily wind records of the three fall seasons 1982-1984 at a location within 100 km of most of the southern Ontario lakes.)
Ranges and medians of mean and maximum depth, adjusted latitude, hypolimnetic temperature, and date of fall turnover vary in the different data sets (Table 2) . Regressions of fall turnover dates on average hypolimnetic temperatures of July and August were highly significant for the Ontario lake data set ( Fig. 1) and for all data sets after logarithmic transformation to stabilize the variance of the data sets on acidic (Fig. 2 ) and worldwide lakes (Fig. 3) . Slopes and intercepts were not significantly differ- (Table 3 ). The similarity of the relationship for the acidic lakes (Fig. 2) and severely acid lakes (subset of Fig. 2 ) means that the model seems to be applicable to lakes with elevated hypolimnetic temperature resulting from higher transparency. Conductivity, as an indicator of density and the degree of hardness in the nonacidic southern Ontario lakes, had no effect on the temperature-fall turnover relationship in the data set of annual averages of Ontario lakes (median: 3 1.1, range: 21-450 pmhos cm-I, measured at 25°C).
Although single-variable models with hypolimnetic temperature as the predictor are sufficient for the acidic and nonacidic Ontario data set (tested by stepwise regression, ranges in depth and adjusted latitude are Hypolimnetic Temperature (CO) Fig. 2 . Regression of fall turnover dates (as Fig. 1 ) on average hypolimnetic temperature after logarithmic transformations for acidic lakes (0-slightly acidic, pH 5.5-7; .-severely acidic, pH < 5.5). The regression line for all data combined is log(turnover) = 333 (5.9) -5.4 (0.59)log(temp) (SE), r2= 0.69, n = 40, P < 0.0001. small), a three-variable model is more appropriate for predicting fall turnover in lakes worldwide. According to stepwise regression (a level to enter a variable, 0.15), the best prediction can be achieved by using mean depth and adjusted latitude in addition to hypolimnetic temperature (SE): log(turnover date) = 2.62 (0.32) -0.1 16 (0.0 17)log hypolimnetic temperature + 0.042 (0.009)log 2 -0.002 (O.OOO)latad, n = 89, r2 = 0.668, P < 0.0001. The dependence of fall turnover date on mean depth and adjusted latitude for the worldwide lakes can be determined from the significant increases in r2 from 0.47 to 0.6 1 to 0.67 upon addition of temperature, mean depth, and adjusted latitude to the model. Table 2 . Ranges (medians) of several variables for the different data sets (z, mean depth; z,,,, maximum depth; lat,,, adjusted northern latitude Eq. 1; temp, average hypolimnetic temperature for July and August). 10.0
17.8
Hypolimnetic Temperature (CO) Fig. 3 . Regression of fall turnover dates (as Fig. 1 ) on average hypolimnetic temperature after logarithmic transformation of both variables for European and North America lakes, log(turnover) = 2.62 (0.017) -0.168 (O.O19)log(temp), r2= 0.47, n = 92, P < 0.0001.
The relationship can be observed in more detail in the residual plots of the monovariable model with hypolimnetic temperature as the sole predictor (Fig. 3) vs. mean depth (Fig. 4A ) or adjusted latitude (Fig.  4B) .
To determine the effect of lake morphometry or wind exposure, I examined effective fetch (341-3,388 m), lake surface area (4-975 ha), and the possibility of meromixis (0.34-1.48) in the data set on lake averages of the Ontario lakes. No significant influence on the overall temperature-turnover relationship was detectable, however (stepwise regression and correlation analysiswith the residuals). Considering that absorbed heat of the lake surface during summer could influence the turnover date, I included epilimnetic temperature (average for July and August, 19"-24.9"C) in the stepwise regression of the Ontario lakes data set, without, however, improving the relationship.
Further residual analysis on all the reported models gave no indication of violations of any assumptions, i.e. normality, no correlation of the residuals with estimates or predictor variables, no influential outliers (based on the Cook's statistic), and no correlation between the independent variables.
The reported models were built with data from lakes of the northern hemisphere only. To see if the relationships are applicable in the southern hemisphere, I examined 1-2 yr of data from nine New Zealand lakes (lat,, 39.8O-46.9"S). The model on logarithmic-transformed data with average hypolimnetic temperature of the austral summer (5"-17"C, January, February) and mean depth (11-44 m) as predictors was also significant (r2= 0.60, n = 11, P < 0.026), but the parameter values differed from those of the model on the northern lakes. These deviations can be expected, since the dates were not corrected for the southern hemisphere.
Despite the high significanceof the regressions, 20-33% of the variance in date of fall turnover remains unexplained. Since yearto-year variation of date of turnover can be high in the same lake (e.g. Fig. 5 ), annual climatic variations could account for the residual deviations. Therefore the regression of turnover date on hypolimnetic temperature of the data set with many annual observations of nonacidic Ontario lakes in a small region (Fig. 1) was examined further. For these lakes, morphometry, latitude, and altitude are very similar, and the residuals of the regression model were not correlated with z or latad.It can be assumed that any weather pattern that might lead to unusual turnover dates would be similar in all these neighboring lakes for that year. Indeed 17% of the variance of the residuals is explained by "year" as an independent discrete vari- Table 3 . Regression models which predict date of fall turnover from hypolimnetic temperature after logarithmic transformation for the data sets, P < 0.0001 in all cases (SE in parentheses). In this data set, annual variation, probably due to annual differences in weather and therefore not predictable, can explain 17% of the residual variation.
Part of the residual variance might also be due to the lack of precise data in all data sets. About half of the profile data are available only in monthly intervals in the fall, and interpolations might have falsely estimated the real turnover date. It is also pos-0.05
sible that a hypolimnetic temperature of a period more important to the stratification cycle, e.g. the hydrological year, rather than the arbitrarily chosen months of July and August, or average temperature integrated over the whole hypolimnion instead of distinct depths, would give better results. Using calendar months and a fixed location of the hypolimnion avoids the need of any more specific information, however, such (A) and predicted (0, from linear model for Ontario lakes) fall turnover dates (as Fig. 1 ) for Chub Lake, Ontario. 1983) . The cited models appear to be less general than the models developed here; for example, models predicting thermocline depth from fetch do not apply to acid lakes (Yan and Miller 1984 ). The present model can be used to predict future changes in the date of fall turnover of a lake or reservoir due to temperature changes in the hypolimnetic inflow, e.g. after application as a cooling water for hydroelectric power.
The strong correlation of the date of fall turnover and average midsummer hypolimnetic temperature means that hypolimnetic temperature effectively integrates physical factors like watershed and lake morphometry and weather conditions. Many of these factors, though conceptually the cause of varying fall turnover dates, appear to be nonsignificant when singled out.
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